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a  b  s  t  r  a  c  t
A  near  MPB  composition  of  0.64PMN–0.36PT  ceramic  has been  synthesized  by  solid-state  reaction  tech-
nique  using  columbite  precursor.  Sintering  at  1030 ◦C  resulted  in  a single  perovskite  phase  with  tetragonal
structure  having  uniform  and  dense  microstructure  as  revealed  by powder  XRD,  Raman  spectroscopy  and
FESEM analyses.  An  excellent  dielectric  response  was  obtained  with  room  temperature  dielectric  per-
mittivity value  of  142  and  high-phase  transition  temperature  (Tm) of 210 ◦C at 1 kHz.  A huge  value  ofeywords:
erovskite
intering
iezoelectric property
erroelectric property
piezoelectric  charge  coefﬁcient  (490  pC/N)  was  obtained,  which  shows  potential  of  PMN–PT  for  piezo-
electric  device  applications.  Well-shaped  and  fatigue-free  P–E hysteresis  loops  over a wide temperature
range  of  30–230 ◦C were  traced.  A very  large  value  of pyroelectric  coefﬁcient  (p  ∼  2739.2 C  m−2  ◦C−1)
was  obtained.
© 2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
Lead-based relaxor ferroelectric materials such as
bZrO3–PbTiO3 (PZT), Pb(Zn1/3Nb2/3)O3–PbTiO3 (PZN–PT) and
b(Mg1/3Nb2/3)O3–PbTiO3 (PMN–PT) are generally binary solid
olutions of a relaxor with PbTiO3. They have perovskite crystal
tructure (ABO3) with a general chemical formula described as
b(B′B′′)O3–PbTiO3 (where B′ = Mg2+, Ni2+, Zn2+, Fe3+, Sc3+, In3+,
tc.; and B′′ = Ta5+, Nb5+, W6+, etc.) [1,2]. They possess excellent
iezoelectric and ferroelectric properties, and therefore, they
ave been widely used in industries for applications in dielectric,
iezoelectric and ferroelectric devices [3,4]. PMN–PT is a binary
olid solution of a relaxor ferroelectric PMN  and a normal ferro-
lectric PT with varying compositions at room temperature, i.e.
1 − x)PbMg1/3Nb2/3O3–xPbTiO3 [(1 − x)PMN–xPT] (where x varies
rom 0 to 1). Due to the relaxor nature of PMN, PMN–PT can be
ategorized as relaxor-based ferroelectric materials that display
 broad dielectric dispersion around Curie temperature (Tc), as
ompared to normal ferroelectric ones, which are characterized∗ Corresponding author. Tel.: +91 9818168001; fax: +91 011 27667061.
E-mail address: b3kumar69@yahoo.co.in (B. Kumar).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2016.06.004
187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).licenses/by-nc-nd/4.0/).
by a sharp and narrow peak at Tc [5,6]. PMN–PT with excellent
dielectric, piezoelectric and ferroelectric properties showing room
temperature composition dependence establishes it as a promis-
ing material for applications in multilayer capacitors, actuators,
sensors, electro-optical and electronic devices [7,8].
The change in PMN–PT composition with modiﬁcation of PT
content gradually changes its speciﬁc features including the phase
transition nature from the relaxor to the normal ferroelectric one.
This binary system (PMN–PT) undergoes different types of phase
transitions depending on the composition x that varies its crystal
symmetry considerably as a function of temperature. At low tem-
peratures, the structure of the PMN–PT system is rhombohedral up
to some speciﬁc PT content (x < 0.27) and becomes tetragonal at
higher PT concentrations (x > 0.34) [9,10]. PMN–PT solid solutions
have a phase boundary, known as morphotropic phase boundary
(MPB), that separates the rhombohedral (R) and the tetragonal
(T) ferroelectric phases. This MPB  is found for composition lying
between 0.73PMN–0.27PT and 0.66PMN–0.34PT (0.27 < x < 0.34)
[11]. At higher temperatures (above para- to ferroelectric phase
transition temperature), the system becomes cubic for all PT con-
centrations.The compositions lying in the vicinity of the MPB  of the PMN–PT
solid solution exhibit excellent dielectric, piezoelectric and pyro-
electric properties, thus making the material suitable for sensor
and actuator applications [9,12–14]. Therefore, in our present work,
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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(Fig. 1. (a) XRD pattern of 0.64PMN–0.36PT calcined powder at 920 ◦C and sinte
he 0.64PMN–0.36PT composition (which is close to MPB) has
een chosen and prepared by solid-state reaction method using
olumbite precursor. Synthesis via columbite precursor route was
dopted to minimize the possibility of pyrochlore phase formation
15]. A systematic study of dielectric, piezoelectric, ferroelectric and
yroelectric properties of 0.64PMN–0.36PT composition has been
resented for the ﬁrst time in this work.
. Experimental
.1. Ceramic sample preparation
High purity chemical powders PbO, TiO2, MgO  and Nb2O5, all
rom Sigma Aldrich, (purity > 99.9%) were used as starting materi-
ls. The PMN–PT ceramics were synthesized by the conventional
olid-state reaction technique via the two-step columbite precur-
or method. Powders of magnesium oxide (MgO) and niobium
xide (Nb2O5) were weighed according to the stoichiometry. The
owders were mixed thoroughly for 2 h, with 10% excess of MgO, in
gate mortar and pestle. In order to synthesize columbite MgNb2O6,
he powder was then calcined at 1100 ◦C for 12 h in an alumina cru-
ible. This synthesized MgNb2O6 columbite was thoroughly mixed
ith reactants PbO (as 10% excess) and TiO2 according to the stoi-
hiometry to obtain ﬁne powder of 0.64PMN–0.36PT. This excess
mount of PbO was added to compensate its loss on heating [16].
he above ingredients were processed by a conventional solid-state
eaction technique following the reaction scheme as given in Eq. (1)
bO + 0.36TiO2 + (0.64/3)MgNb2O6 → 0.64Pb(Mg1/3Nb2/3)O3
− 0.36PbTiO3 (1)
The powder was heated for calcination in an alumina crucible at
20 ◦C for 2 h. This calcined powder was mixed with 2 wt% polyvinyl
lcohol (PVA) solution as binder, and then pressed to prepare pel-
ets with a diameter of 12 mm and a thickness of 1 mm under a
00 MPa  uniaxial stress. The pellets were ﬁrst heated at 700 ◦C for
0 min  to burn out the binder PVA, and then sintered at 1030 ◦C for
 h 30 min.
.2. Characterization techniquesIn order to determine the phase structure, the calcined powder
nd sintered pellets were subjected to powder X-ray diffraction
XRD) and Raman spectroscopy. The powder XRD was performedllet at 1030 ◦C (b) XRD proﬁle ﬁt of 1030 ◦C sintered 0.64PMN–0.36PT ceramic.
using a Rigaku Ultima IV X-ray diffractometer with CuK radiation
of wavelength 1.5405 A˚ at room temperature and the Raman spec-
troscopy was  performed using Renishaw inVia Raman microscope.
The surface morphology of sintered ceramic pellets was  analyzed
using ﬁeld emission scanning electron microscope (Tescan Mira
3 FESEM). The density of the sample was  measured by water
immersion technique using Archimedes’ principle. For electrical
characterizations, high-grade silver paste was  used for electrod-
ing the pellets. The dielectric constant and loss were measured as a
function of temperature (in the range 30–430 ◦C) and frequency (in
the range 200 Hz–2 MHz) using LCR meter (Model Agilent E4890A)
and sample holder (Model Agilent 16048A). The ceramic pellet was
immersed in silicon oil at 40 ◦C and poled using a DC poling unit
(Marine India) at 4 kV/mm.  The piezoelectric charge coefﬁcient d33
was measured using piezometer (Piezotest PM300) by applying a
tapping force of 0.25 N and a frequency of 110 Hz. The ferroelec-
tric P–E hysteresis loops were traced with increasing temperature
(30–230 ◦C) using an automatic P–E loop tracer at 50 Hz.
3. Results and discussion
3.1. Structural analysis
Powder X-ray diffraction (XRD) was  performed in the 2 range
from 20◦ to 80◦ with a step size of 0.02 at a scan rate of 3◦/min
at room temperature. Fig. 1a shows the XRD pattern of the pow-
dered PMN–PT ceramics calcined at 920 ◦C and its sintered pellet
at 1030 ◦C. Both XRD patterns conﬁrm the formation of perovskite
phase of the 0.64PMN–0.36PT ceramics. It can be seen that a very
small pyrochlore peak (marked as *) is present in XRD pattern of
calcined powder and is attributed to the formation of rhombohe-
dral PbO-rich pyrochlore phase (PbNb2O7) [17]. This peak is also
detectable in Raman spectrum shown in Fig. 2. To remove this
unwanted impurity phase, pellets were sintered at various temper-
atures 1100, 1060 and 1030 ◦C. We were able to get pure perovskite
phase at sintering temperature of 1030 ◦C. Therefore, the optimum
temperature for sintering of 0.64PMN0.36PT was 1030 ◦C. In gen-
eral, XRD graphs are analyzed over narrow angular region centered
about the six pseudo cubic directions (100), (110), (111), (200),
(220) and (222), from which we can determine unambiguously the
crystal structure [18]. The tetragonal structure is characterized by
the splitting of (h00)-type reﬂection peaks [16]. In the present case,
the splitting of peak at 22.46◦ into two peaks (001) and (010) and
at 45.66◦ into (002) and (020) conﬁrms the tetragonal nature of
0.64PMN–0.36PT ceramic.
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conductivity at around 200 ◦C for 1 kHz and around 345 ◦C forig. 2. Raman spectra of 0.64PMN–0.36PT calcined at 920 ◦C and sintered at 1030 ◦C.
The reﬁnement of XRD pattern of sintered 0.64PMN–0.36PT
eramic was performed using TOPAS software. The reﬁned XRD
roﬁle ﬁt is shown in Fig. 1b. The obtained lattice parameters were
 = b = 4.0162 A˚ and c = 4.0695 A˚ having tetragonal symmetry with
pace group P4mm.  The reﬁnement parameters were found to be:
wp = 11.12, Rexp = 8.70, Rp = 8.48 and GOF (or 2) = Rwp/Rexp = 1.28.
Fig. 2 represents the room temperature Raman spectra of
.64PMN–0.36PT ceramic calcined at 920 ◦C and sintered at
030 ◦C. An impurity peak is present in calcined spectrum due
o excess of PbO, which was removed in the sintered sample.
trong Raman bands centered at 72, 272, 582, 752 and 801 cm−1
ere observed. Broad peaks were seen in the spectra, indicating
and overlapping, which is a characteristic of relaxor-based fer-
oelectric perovskites. The vibration modes have been assigned
ccording to the ABO3 perovskite symmetry considerations. The
oublet observed in high wave number modes (700–850 cm−1) is a
haracteristic of perovskite structure with different cations at the
 site and is related to the B′–O–B′′ stretching mode (B′, B′′ = Ti, Mg,
b) [19]. This doublet in PMN  system appears as single peak indi-
ating the presence of additional Ti–O bonds in the PMN–PT system
20]. The bands at 512 and 582 cm−1 are related to the Nb–O–Nb
nd Ti–O–Ti bending modes. The weak peak near 436 cm−1 has
een observed due to the Mg–O–Mg vibration mode. The peak near
72 cm−1 is attributed to the O–B–O bending modes [21]. The low
ave number modes near 72, 95 and 144 cm−1 are assigned to the
b–BO6 vibrational symmetry [22].
.2. FESEM and density analyses
In order to analyze the surface morphology of the 0.64PMN–
.36PT ceramic, ﬁeld emission scanning electron microscopy
FESEM) was used. Fig. 3a and b shows the FESEM micrographs
f the sintered PMN–PT pellet at different magniﬁcations. The
icrographs revealed the formation of dense microstructure with
ell-deﬁned grains and very small number of pores. They also
howed homogeneous grain size distribution with an average grain
ize of 4.67 m.  Well-developed uniform grains conﬁrmed the for-
ation of single-phase PMN–PT. The density and porosity of the
MN–PT ceramic pellet were determined using Archimedes’ prin-
iple. The density of the sample was found to be 7.63 g/cm3, which
s 95.14% of its theoretical value of 8.02 g/cm3. The porosity of the
ample was found to be as low as 4.86%. Obtained high density of
repared PMN–PT ceramic at optimum sintering temperature of
030 ◦C can be related to the formation of pure perovskite phase
15].mic Societies 4 (2016) 337–343 339
3.3. Dielectric and conductivity study
The variation of real dielectric constant (r) with frequency
(20 Hz–2 MHz) has been depicted at different temperatures in
Fig. 4a. A regular pattern showing a decrease in dielectric
constant value with increasing frequency was observed because
of the diminishing contribution of different kinds of polariza-
tions (i.e. space charge, dipolar, ionic and electronic) with increase
in frequency. Fig. 4b represents the variation of the real dielec-
tric constant of the unpoled sample as a function of temperature
in a wide temperature range (30–530 ◦C) at various frequencies
in the range 1 kHz to 2 MHz. For various frequencies, almost
the same dielectric constant values were observed at low tem-
peratures (30–100 ◦C), while at higher temperature, it varies
considerably. Room temperature dielectric constant was found to
be 142 at 1 kHz, which increased with temperature and attained
a maximum value of 11,852 at Tm (210 ◦C) and decreased with
further increase in temperature due to structural phase transi-
tion. The increase in dielectric constant with temperature may be
due to the dominance of space charge polarization over dipolar
polarization. The temperature of the dielectric maximum (Tm) is
attributed to the ferroelectric to paraelectric phase transition. The
0.64PMN–0.36PT ceramic showed single structural phase tran-
sition around 205–330 ◦C for frequencies 1 kHz–2 MHz. Peaks at
higher frequencies (e.g. at 2 MHz) are comparatively broader than
those at lower frequencies (e.g. at 1 kHz). Ferroelectric to paraelec-
tric phase transition temperature, Tm was found to shift toward
higher temperature side with the increasing frequency evidently
supporting the relaxor nature of synthesized ceramics [1]. This
relaxor-type diffused phase transition is related to the distribution
of B-site cations (Mg2+/Nb5+/Ti+4) on the octahedral sublattice of
the perovskite structure. This composition disorder in the arrange-
ment of B-site ions in the ABO3 perovskite structure gives rise
to formation of polar-nano regions (PNRs) [23]. These PNRs are
responsible for the conventional relaxor dispersion (CRD), which
is inherent in all relaxors [24,25]. Due to the CRD, the dielectric
dispersion in PMN–PT at T ≤ Tm is signiﬁcantly larger than that at
T > Tm, which explains the shift in Tm with frequency. The variation
of dielectric loss (tan ı) with temperature at various frequencies is
shown in Fig. 4c. At higher temperatures (above 320 ◦C), the dielec-
tric loss increases with temperature. However, the rise at lower
frequencies (e.g. 1 kHz) is signiﬁcantly faster than that at higher
frequencies (e.g. 2 MHz).
A material that shows a diffused phase transition (broad peak)
deviates strongly from Curie–Weiss law. The degree of diffuseness
for any material can be calculated by using the modiﬁed Curie Weiss
law [26] as given in Eq. (2),
1
ε
− 1
εm
= (T − Tm)

C
(2)
where εm is the maximum value of dielectric constant and Tm is the
temperature corresponding to εm. C is a constant and  represents
the degree of diffuseness, whose value ranges from 1 to 2. For  = 1,
the system behaves as a normal ferroelectric system, while for  = 2,
it depicts a relaxor system [27]. In order to demonstrate the relaxor
behavior of PMN–PT ceramic, a graph between log(1/ε  − 1/εm) and
log(T − Tm), shown in Fig. 4d, is plotted at frequency 1 kHz. The slope
of the graph gives the value of  . The value of  for the present case
was found to be 1.77, which suggests that 0.64PMN–0.36PT is a
relaxor ferroelectric material.
The variation of ac conductivity with temperature at different
frequencies is shown in Fig. 4e. A maximum was  observed in ac2 MHz, which is closely related to the ferroelectric to paraelectric
structural phase transition (Tm). The ac conductivity also showed a
broad frequency-dependent phase transition in which Tm increases
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Fig. 3. FESEM micrographs of 0.64PMN–0.36PT ceramic pellet at the scale of (a) 5 m (b) 20 m.
F es. (b)
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tig. 4. (a) Variation of real dielectric constant with frequency at various temperatur
etween dielectric loss (tan ı) and temperature at various frequencies. (d) Plot of lo
arious  frequencies. (f) Plot between ln ac and 1000/T at 1 kHz.
ith frequency. At low temperatures (below 150 ◦C), the value
f ac conductivity for various frequencies is almost the same
nd temperature independent. Above 150 ◦C, it approaches a
aximum value at Tm showing a negative temperature coefﬁcient
esistance behavior of the PMN–PT ceramic and decreases above
his temperature due to structural phase transition. The large Graph of real dielectric constant with temperature at various frequencies. (c) Graph
 1/εm) vs. log(T − Tm) at 1 kHz. (e) Variation of ac conductivity with temperature at
increase in conductivity in the temperature range 150 ◦C – Tm may
be attributed to a large increase in the concentration of mobile
charge carriers in the ceramic. For a given temperature, the value
of ac is higher at higher frequencies. This may  be attributed to
the increase in ionic hopping conduction with frequency [28].
For the low frequency region up to 10 kHz, the maximum ac
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onductivity was found to be of the order 10−3 S/cm and for
he higher frequencies it reached to the order of 10−2 S/cm.
hermally activated transport properties of the ceramics
ere supported by the conduction process over wide tem-
erature range. These transport properties obey Arrhenius
quation: ac = 0 exp(−Ea/kBT) (where 0 = dc conductivity;
B = Boltzmann’s constant; T = temperature in Kelvin). The activa-
ion energy value Ea for the ionic conduction can be calculated by
lotting a curve ln(ac) vs. 1000/T  (Fig. 4f). It can be seen that the
ctivation energy is different for different temperature regions.
n the low temperature region (45–200 ◦C), activation energy
s 0.22 eV, while in high temperature region (260–430 ◦C), it is
.09 eV. This difference in activation energy is due to the presence
f different structural phases in low and high temperature regime.
ow (high) temperature region possesses ferroelectric (paraelec-
ric) phase. The difference in the value of the activation energy
etween these two phases could be attributed to the grain bound-
ry effect. For the present case, the value of Ea for ferroelectric
hase was found to be smaller than that for paraelectric phase.
his is because the charge carriers require more activation energy
o jump between adjacent sites for the disordered state in the
araelectric phase than for the ordered state in the ferroelectric
hase. In the temperature range 200–240 ◦C, ac conductivity
ecreases with rise in temperature. Therefore, curve exhibits a
egative temperature coefﬁcient of the conductivity and thus
he electrical activation energy of the ceramic is negative in this
emperature regime.
.4. Piezoelectric study
Piezoelectricity refers to the generation of electric potential
cross the surface of the sample on the application of mechanical
tress. This appearance of electric potential across the sample sur-
ace is quantiﬁed by measuring the piezoelectric charge coefﬁcient
d33’ (measured in units of pC/N). The d33 coefﬁcient is deﬁned as the
mount of charge developed at the opposite surfaces of the material
er unit applied force across it. Ceramics possess domains that are
andomly oriented. To measure the d33 coefﬁcient to its maximum
alue, the alignment of domains is necessary, which is achieved by
optimized poling’. The PMN–PT ceramic pellet was  poled by apply-
ng a very high dc electric ﬁeld of 4 kV/mm at 40 ◦C for 30 min. The
33 coefﬁcient for 0.64PMN–0.36PT was found to be 490 pC/N. This
alue is higher than many previous reported values [14,15] and is
omparable with the value reported by Huang et al. [29]. Obtained
igh value of d33 can be related to the microstructure of PMN–PT
eramic, which showed the formation of well-developed aligned
rains with very small porosity, which lead to the large mobility
f domain walls and thus large value of piezoelectric coefﬁcient
30]. Obtained high value of d33 shows the potential of PMN–PT
eramic for piezoelectric device applications such as ceramic ﬁlters,
ransducers and high frequency resonators.
.5. Ferroelectric study
In order to study ferroelectric property of 0.64PMN–0.36PT
eramic, polarization vs. electric ﬁeld (P–E) hysteresis loops were
raced over a wide temperature range from room temperature to
30 ◦C. Fig. 5a shows a well-shaped and saturated hysteresis loop
t room temperature. Room temperature spontaneous polariza-
ion, remnant polarization and coercive electric ﬁeld were found
o be 19.74 C/cm2, 13.27 C/cm2 and 7.55 kV/cm, respectively,
hich suggested its utility as switching devices. Change in polar-
zation state of piezoelectric materials is associated with changes
n the piezoelectric strain that is proportional to the square of
he polarization [15]. Hence, the plot of square of polarization vs.mic Societies 4 (2016) 337–343 341
electric ﬁeld is equivalent to the hysteresis plot of strain vs. electric
ﬁeld (S–E). Fig. 5b represents a graph between (polarization)2 and
electric ﬁeld at room temperature for PMN–PT ceramic. Excellent
butterﬂy loop, which is a characteristic of good piezoelectric sys-
tem, is observed, which establishes the utility of PMN–PT ceramic
for actuator applications. The behavior of P–E loop with tempera-
ture in a range 30–230 ◦C is depicted in Fig. 5c. A slight asymmetry
about polarization axis is evident and hence the value of internal
bias ﬁeld was calculated using Eq. (3);
Ei =
E1 + E2
2
(3)
where E1 and E2 are the values of ﬁeld at the points of intersec-
tion of P–E hysteresis loops with positive and negative ﬁeld axes,
respectively [31]. The values of spontaneous polarization (Ps), rem-
nant polarization (Pr), coercive ﬁeld (Ec), internal bias ﬁeld (Ei) and
squareness parameter (Rsq) for all plotted P–E loops at various tem-
peratures are listed in Table 1.
The internal bias was found to vary between 0.34 and
0.64 kV/cm. The presence of these internal biases suggests the
possibilities of the stabilization of domains and the reduction
in domain wall mobility [32]. The remnant polarization, varying
between 10.60 and 34.06 C/cm2, shows increasing-decreasing
pattern with temperature. The squareness factor of the loops was
calculated by using empirical expression given as [7],
Rsq = Pr
Pmax
+ P1.1Ec
Pr
(4)
where Pr, Pmax and P1.1Ec are the remnant polarization, maximum
polarization, and polarization at an electric ﬁeld 1.1 times the coer-
cive electric ﬁeld, respectively. They were obtained from the loops
at various temperatures. For an ideal hysteresis loop, Rsq should be
equal to 2 [33]. In our case, Rsq was  found to vary between 1.96 and
1.99 that indicates good switching behavior of PMN–PT. In order
to calculate pyroelectric coefﬁcient (p), the variation of sponta-
neous polarization with temperature is presented in Fig. 5d. The
pyroelectric coefﬁcient is given by Eq. (5) as [34],
p = Ps
T
(5)
where Ps is the change in spontaneous polarization due to
change in temperature, T.  For low (30–65 ◦C) and high temper-
ature range (170–230 ◦C), the decreasing pattern of spontaneous
polarization with rise in temperature was observed, which gives
rise to negative pyroelectric coefﬁcients (like −981 C m−2 ◦C−1
for 30–65 ◦C and −487.5 C m−2 ◦C−1 for 170–230 ◦C), while in
the mid  temperature range (65–170 ◦C), spontaneous polarization
increases with temperature giving positive pyroelectric coefﬁ-
cient (2739.2 C m−2 ◦C−1). Obtained high value of pyroelectric
coefﬁcient makes PMN–PT a promising candidate for pyroelectric
detector applications including remote temperature measurement,
pollution sensing, laser diagnostics, ﬁre and burglar alarms, solar
energy conversion, infrared imaging, etc.
A ferroelectric material with minimum polarization degrada-
tion over a number of applied switching cycles is required for
long-term operations [35]. Therefore, the fatigue test is impor-
tant to study the aging effect in a ferroelectric material. The
result showed that Ps, Pr and Ec are almost independent of
switching cycles. The spontaneous polarization, Ps decreases by
approximately 2.17% (from 19.79 C/cm2 to 19.36 C/cm2), and
remnant polarization, Pr increases by approximately 1.91% (from
13.34 C/cm2 to 13.55 C/cm2). Therefore, no signiﬁcant drop
was observed in PMN–PT polarizations. P–E loops after various
cycles (100, 1k, 3k, 5k, 7k and 10k) were traced and shown in
Fig. 5f. Overlapped P–E hysteresis loops were observed for all
cycles. Thus, PMN–PT ceramic exhibits excellent anti-fatigue prop-
erties over 104 switching cycles. This implies that factors (such
342 A. Hussain et al. / Journal of Asian Ceramic Societies 4 (2016) 337–343
Fig. 5. (a) P–E hysteresis loop for PMN–PT ceramic at room temperature. (b) Graph polarization2 vs. electric ﬁeld at room temperature. (c) Temperature-dependent P–E
hysteresis loops. (d) Variation of spontaneous polarization as a function of temperature. (e) Variation of spontaneous polarization, remnant polarization and coercive ﬁeld as
a  function of switching cycles. (f) P–E loops traced after various switching cycles and the inset shows its enlarged view.
Table 1
Data obtained from P–E hysteresis loops at various temperatures.
Temperature (◦C) Ps (C/cm2) Pr (C/cm2) E1 (kV/cm) E2 (kV/cm) Ei (kV/cm) Rsq
30 19.47 13.04 8.29 −7.02 0.64 1.99
50  16.86 10.60 7.96 −6.79 0.58 1.96
70  20.41 13.25 9.09 −7.87 0.61 1.99
90  19.45 13.59 11.12 −10.23 0.44 1.98
110  27.02 19.90 13.38 −12.13 0.62 1.97
130  30.53 23.59 12.92 −11.89 0.52 1.97
150  39.61 31.13 13.20 −12.45 0.38 1.96
170  42.50 34.06 13.26 −12.39 0.44 1.96
12
11
12
a
r
t
o
a
4
O190  41.38 32.50 
210  39.61 28.74 
230  39.23 27.12 
s oxygen vacancies, defects, and volatilization of Pb) that are
esponsible for degradation in polarization are minimal for the syn-
hesized PMN–PT ceramic [36,37]. The results conﬁrmed reliability
f PMN–PT ceramic for longer duration of repeated ferroelectric
pplications.. Conclusions
A near MPB  composition of lead-based 0.64PbMg1/3Nb2/3
3–0.36PbTiO3 ceramic was prepared successfully by the.54 −11.61 0.46 1.98
.70 −11.01 0.34 1.99
.79 −11.59 0.60 1.98
solid-state reaction technique via the two-step columbite
precursor method. Following important results were concluded:
(i) A pyrochlore-free perovskite phase with tetragonal structure
was obtained by sintering at 1030 ◦C as revealed by powder
XRD and Raman spectroscopy. FESEM analysis showed uniform
and dense microstructure of the synthesized PMN–PT ceramic
with average grain size of 4.67 m.
(ii) Superb dielectric response with high Tm (210 ◦C at 1 kHz)
shows suitability of PMN–PT ceramics for electronic device
applications. The degree of diffuseness,  was found to be
n Cera
(
(
p
t
A
D
N
J
a
U
t
R
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[A. Hussain et al. / Journal of Asia
1.77 suggesting the relaxor ferroelectric nature of synthesized
PMN–PT ceramic.
iii) A very high value of piezoelectric charge coefﬁcient
(d33 = 490 pC/N) was achieved in synthesized ceramic, which
shows its applicability in piezoelectric device applications.
iv) Well-shaped, saturated and fatigue-free P–E hysteresis
loops with high room temperature remnant polarization
Pr = 13.27 C/cm2 and coercive ﬁeld Ec = 7.55 kV/cm over a
wide temperature range 30–230 ◦C were traced. A high value of
squareness parameter (∼1.97) suggests its utility in switching
devices. A very high value of pyroelectric coefﬁcient was found
to be 2739.2 C m−2 ◦C−1 in the temperature range 65–170 ◦C.
The results suggest that PMN–PT is an outstanding candidate for
iezoelectric, pyroelectric and long duration ferroelectric applica-
ions.
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